Proton-proton differential and total cross sections provide information on the energy dependence of proton shape and size. We show that the deviation from exponential behavior of the diffraction cone observed near t = −0.1 GeV 2 , (so-called break), both at the ISR and the LHC follows from the t-channel two-pion loop contributions, imposed by unitarity. By using a simple Regge-pole model, we extrapolate the "break" from the ISR energy region to that of the LHC. This allows us to answer two important questions: 1) To what extent is the "break" observed recently at the LHC a "recurrence" of that seen at the ISR (universality)? 2) What is the relative weight of two-pion effect to the vertex coupling (Regge residue) compared to expanding size (pomeron propagator) in producing the "break"? We find that the effect primarily comes from the Regge residue (protonpomeron coupling), rather than from the Regge propagator. This is consistent with the anticipated mechanism based on the role of pion-exchange in high energy collision suggested years earlier.
I. INTRODUCTION
Following TOTEM's recent results [1] on the deviation from the exponential behavior of the diffraction cone at low-|t| of the pp differential cross section at 8 TeV, and anticipating their new measurements at 13 TeV, announced recently [2] , we find appropriate to update our earlier results and revise the physics behind the phenomenon.
The diffraction cone of high-energy elastic hadron scattering deviates from a purely exponential dependence on t due to two structures clearly visible in proton-proton scattering: the so-called "break" (in fact, a smooth curve with a concave curvature) near t = −0.1 GeV 2 , whose position is nearly independent of energy and the prominent "dip" -diffraction minimum, moving slowly (logarithmically) with s towards smaller values of |t|, where s and t are the Mandelstam variables.
The physics of these two phenomena are quite different. As illustrated in Fig. 1 , the "break" is likely a reflection due to the "pion cloud", which controls the "static size" of nucleon. This effect, first observed in 1972 at the ISR, was interpreted [3] [4] [5] [6] as the manifestation of t-channel unitarity, generating a two-pion loop in the cross channel, Fig. 2 , and was referred to by Bronzan [7] as the "fine structure" of the pomeron. This has been examined more closely in a number of papers [8] [9] [10] . In Ref. [8] the "break" was fitted by a relevant form factor (residue function) in the Regge-pole scattering amplitude. The dip (diffraction minimum), on the other hand, is generally accepted as a consequence of s-channel unitarity or absorption corrections to the scattering amplitude. As such, dip location reflects the "size" of proton, moving towards smaller |t| values as the total cross section increases with energy.
To quantify the departure from the linear exponential behavior, one can parametrize differential cross section as [1, 2] 
Schematic (qualitative) view of the "break", followed by the diffraction minimum ("dip"), shown both as function in t and its Fourier transform (impact parameter representation), in b. While the "break" reflects the presence of the pion cloud around the nucleon at the outer edge of an expanding disk in b, the dip results from absorption corrections, suppressing the impact parameter amplitude at small b.
with coefficients a and b i fitted to the data. This non-linear effect was confirmed by recent measurements by the TOTEM Collaboration at the CERN LHC, first at 8 TeV (with a significance greater then 7σ) [1] and subsequently at 13 TeV [2] . At the ISR the "break" was illustrated by plotting the local slope B(t) for several t-bins at fixed values of s. As shown in Fig. 3 from Ref. [11] the local slope drops around −0.1 GeV 2 within the interval ∆t ≈ 0.1 GeV 2 by about ∆B = 2 GeV 2 .
At the LHC the effect appears of the same order of magnitude and is located near the same value of t. Different from the ISR [11] , TOTEM quantifies the deviation from the exponential by normalizing the measured cross section to a linear exponential form, (see Eq. (10) below). For the sake of completeness we will exhibit this "break effect" both in the normalized form and for B(t). The new LHC data from TOTEM at 8 TeV confirm the conclusions [3] [4] [5] [6] about the nature of the break and call for a more detailed analysis and better understanding of this phenomenon. The new data triggered intense theoretical work in this direction [9, 10, 12] , but many issues still remain open. Although the curvature for B(t), both at the ISR and the LHC is concave, a convex behavior cannot be excluded in other reactions and/or new energies. While the departure from a linear exponential was studied in details both at the ISR and LHC energies, an interpolation between the two is desirable to clarify the uniqueness of the phenomenon. This is a challenge for the theory, and it can be done within Regge-pole models. Below we do so by adopting a simple Regge-pole model, with a pomeron and two secondary reggeons, f and ω exchanges. The odderon may also be present. However its contribution at low |t| is too small to be identified unambiguously.
Having identified [3, 5, 6 ] the observed "break" with a two-pion exchange effect, we investigate further two aspects of the phenomenon, namely: 1) to what extent is the "break" observed recently at the LHC a "recurrence" of that seen at the ISR (universality) ? 2) (propagator) in producing the "break"? We answer these questions by means of a detailed fit to the elastic protonproton scattering data in the relevant kinematic range 0.05 < −t < 0.35 GeV 2 ranging between the ISR energies (23.5 ≤ √ s ≤ 62.5 GeV), and those available at the LHC.
As shown by Barut and Zwanziger [13] , t-channel unitarity constrains the Regge trajectories near the threshold,
where t 0 is the lightest threshold, 4m
2 π in the case of the vacuum quantum numbers (pomeron or f meson). Since the asymptotic behavior of the trajectories is constrained by dual models with Mandelstam analyticity by square-root (modulus ln t):
[3] and references therein), for practical reasons it is convenient to approximate, for the region of t in question, the trajectory as a sum of square roots. Higher thresholds, indispensable in the trajectory, may be approximated by their power expansion, i.e. by a linear term, as in Eq. (5), matching the threshold behavior with the asymptotic. Thus, the "break" (in fact a smooth deflection of the linear exponential) of the cone, has a relatively narrow location around −t ≈ 0.1 ± 0.01 GeV 2 , both at the ISR and the LHC energies, whereupon it recovers its exponential shape, followed by the dip, whose position is energy-dependent.
II. A SIMPLE REGGE-POLE MODEL
We use a simple Regge-pole model with a leading supercritical pomeron [14] and two secondary, f and ω contributions. The elastic scattering amplitude is:
where
with the trajectories
and
Note that deviation from the linear exponential comes both from the pomeron trajectory, Eq. (5), and the pomeron residue (vertex), Eq. (6), as illustrated schematically in Fig. 2 1 . Our aim is to answer the questions posed at the end of the the Abstract of the present paper.
We use the normalization:
With s 0 = 1 GeV 2 , the model contains 11 free parameters (a P [
. The free parameters of the model were fitted to the data on elastic proton-proton differential cross section [1, 16] in the region of the forward cone, (t > −0.35 GeV 2 ) as well on to the data on total cross section [17] [18] [19] [20] [21] and ρ-parameter [21, 22] in the energy range 5 ÷ 30000 GeV. The ρ-parameter is the ratio of real and imaginary part of the forward scattering amplitude:
To see clearly the role of the residue in forming the "break", we proceed in two ways: first we using a linear pomeron trajectory, next a non-linear one. 
III. MAPPING THE "LOW-ENERGY" BREAK TO THAT AT THE LHC
At the ISR, the proton-proton differential cross section was measured at √ s = 23.5, 30.7, 44.7, 52.8 and 62.5 GeV [16] . In all the above energies the differential cross section changes its slope near −t = 0.1 GeV 2 . By using the Regge-pole model introduced in the previous section we have mapped the "break" fitted at the ISR onto the LHC TOTEM 8 TeV data. The results are shown in Fig. 6 . To bring out the important features more clearly, we also provided more details in higher resolution in Fig. 7 and Fig. 8 . In Fig. 7 , we exhibit the shape of local slopes, defined by
for our fit at six s values. To better demonstrate the goodness of our fit and to anticipate the comparison with the LHC data, we also present in Fig. 8 the ISR data in normalized form as used by TOTEM [1] :
where dσ/dt ref = Ae Bt , with A and B constants determined from a fit to the experimental data.
Both Fig. 7 and Fig. 8 re-confirm the earlier finding that the "break" can be attributed the presence of two-pion branch cuts in the Regge parametrization. However, a closer examination of Tab. I clearly indicates the effect of pion cloud manifest itself most importantly through the Regge residue, rather then the pomeron trajectory. This is evident by the smallness of the parameter, α 1P −0.0719652, for the model allowing non-linear pomeron trajectory. 
IV. SIZE AND SHAPE OF PROTON
In a geometric approach to diffraction scattering, both the total cross section and the elastic slope B are directly related to the size and shape of the hadrons. However, from a QCD perspective, these concepts do not enter directly, and they should emerge from first principle, albeit non-perturbatively. For a proton at rest, the concept of "static size", measured by "weak probe", can be defined, i.e., cross sections in the "low-energy limit". In particular, the scale for the static size should reflect dominant QCD dynamics at low energy. It is generally accepted that low-energy QCD dynamics is controlled by chiral symmetry breaking involving quark degrees of freedom, e.g., leading to constituent quark masses. In working with chiral lagrangian, pion mass and coupling play a central role.
In the high energy limit, however, due to Lorentz contraction, each appears as a "disk". Due to vacuum fluctuations, a proton begins to reveal its partonic structure, leading to an increase in its transverse size, i.e., increasing total cross section. The process is driven by inelastic production through a diffusion mechanism, with
Since the process is non-perturbative, it is reasonable that the coefficient b is of confinement scale, e.g., GeV −1 . In contrast, coefficient c, which dominates in the low-energy limit, can be sensitive to pion mass. For example, for our preferred model with linear pomeron trajectory, b 2α P and c β P + β 1P /(4m π ). In particular, m −1 π sets the scale for the low-energy proton size, i.e., the associated pion cloud, surrounding the constituent quarks of a proton. This physically motivated picture in interpreting elastic peak and hadron size was explained more fully in Refs. [5, 6] . In terms of our Regge parametrization, this justifies in treating the effect of 2-pion loop contribution to the pomeron propagator perturbatively, as illustrated in A simple fit to the Regge-pole-motivated logarithmic slope Eq. (11) offers the following values of the parameters: b = 1.355, c = 7.56 in unites of GeV −2 . However, recent TOTEM measurements [23] show a drastic deviation (acceleration) from the logarithmic to ln 2 s rise of B(s) beyond √ s ≈ 3 TeV, anticipated in Ref. [24] . With the ln 2 (s) term included, B(s) ∼ a ln 2 (s) + b ln(s) + c, the fit to the data, including those recent from TOTEM give a = 0.1395, b = −0.3448, c = 11.74 although the fit does not seem definite. Fig. 9 shows fits Ref. [25] , including one with a dipole pomeron (see: Ref. [26] and earlier references therein) appended by f and ω reggeons. The DP pomeron with reggeon (plus secondary reggeons) produces [25] 
, where the parameters a, b, c, d, e, f and g may be correlated. In any case, more data points on B(s) at other LHC energies are needed (and relevant experiments are being planned). On the theoretical side, the deviation from the logarithmic rise of B(s) predicted by the unitarized Regge-pole models and by the diffusion mechanism [5, 6, 24] may indicate the importance of unitarity corrections to the Regge-pole amplitude [25] .
In this study we avoided the dip-bump region, which is an important and complicated issue by itself. Here we only mention that despite intense work along these lines (see e.g. Ref. [26] and earlier references therein), the existing models or theories are not able to predict unambiguously the details of this important phenomenon. Most of those based on multiple scattering or eikonal formalism predict a sequence of structures, contradicting the experimental data. At the dip, unlike the forward region, the odderon may become visible, moreover important, making different its shape in pp andpp scattering, however increasing also the number of degrees of freedom. New data from the TOTEM Collaboration at the LHC at 13 TeV will become public soon.
V. CONCLUSIONS
We have shown that the deviation from a linear exponential of the pp diffraction cone as seen at the ISR, 23.5 ≤ √ s ≤ 62.5 GeV and at the LHC, √ s = 8 TeV are of similar nature: they appear nearly at the same value of t ≈ −0.1 GeV 2 , have the same concave shape of comparable size, ∆B(t) ≈ 2 ÷ 3 GeV −2 and may be fitted by similar t-dependent function. Mapping this t-dependence through the tremendous energy span from the ISR to the LHC (almost 3 orders of magnitude) is a highly non-trivial task. We have succeeded within a simple Regge-pole model, with a leading pomeron and two sub-leading f and ω reggeons, showing that the dominant contribution comes from the pomeron residue. The threshold singularity in question should be present also in the sub-leading trajectories, however their effect is secondary compared to that of the pomeron.
Our findings call also for further studies, namely: 1) theoretical calculations of the relative weight of the loop contribution, second term in Fig. 2 relative to the first one ("Born term") are needed;
2) since the pomeron is universal, the effect is expected also in pp. Non-observation of any convex or concave curvature in the diffraction cone at the Tevatron may be attributed to poor statistics of the relevant data (lacking Roman pots on both sides), preventing the observation of such a tiny effect.
3) the "break" under discussion must be present also in single-, double-and central diffraction dissociation, however to be seen, better statistics on t dependence is needed; 4) the "break" should be present and can be predicted also at still higher energies, however in any approximation beyond the LHC energy, the dip (located near −t ≈ 0.5 GeV 2 ) will come close to the "break", thus distorting it [15] . The fate of the diffraction cone at super-high energies (at the Future Circular Collider (FCC)?) is an interesting open question. 5) the physically motivated picture of "pion dominance" for Regge residue can be extended to the study of leading particle dynamics in particle production. In particular, in a proton initiated production process, the rate of leading neutron production should be large and cannot be ignored. This should have significant impact on understanding leading particle spectrum in air-shower in cosmic ray physics and can be tested at LHC by their combined analysis, see Ref. [27] .
To conclude, we expect more precise data in the low-|t| region on elastic scattering and diffraction dissociation as well as further fits with improved phenomenological parametrizations. Theoretical calculations of the diagram (Fig. 2 ) may shed more light on the nature of the phenomenon. Further studies in this direction will be based on improved models for the scattering amplitude, with more details on individual Regge trajectories.
